| I N T R O D U C T I O N
The mammalian retina is a stratified sheet of neural tissue comprising three layers of cell bodies separated by two layers of synapses. The neural circuits of the retina are organized in both the radial (vertical through the thickness of the retina) and tangential (horizontal, parallel to the retinal surface) planes. Radially, photoreceptors located in the outer nuclear layer (ONL) send information across layers to multiple downstream target neurons that act in parallel to process distinct aspects of the visual scene. These parallel circuits are then duplicated tangentially, across the extent of the retina, to build the visual field (Kay & Sanes, 2014; Wassle & Boycott, 1991) . The organization of neurons in these two planes is accompanied by similar patterning of M€ uller glia, the most numerous glial cell type in the retina. These cells play a vital role in maintaining the health and integrity of the retinal tissue. Like protoplasmic astrocytes in the brain, M€ uller glia have diverse physiological functions including regulation of synapse development, neurovascular coupling, electrolyte balance, and cellular metabolism (Vecino, Rodriguez, Ruzafa, Pereiro, &Sharma, 2016) . M€ uller glia also make important contributions to the structural integrity of the retina.
Because of their crucial roles, M€ uller glia must be present in sufficient number at each retinotopic location, and in each layer, to support the function of the retinal circuitry at that position. However, much remains unknown about how individual M€ uller glia and the population as a whole are apportioned in the retinal volume. Understanding the anatomical arrangement of M€ uller glia in the adult retina, and how it arises during development, will provide important insight into the specific interactions between M€ uller glia and neurons that support visual function.
The morphology of M€ uller glia has been studied using Golgi impregnation and immunohistochemistry in a variety of vertebrate species, including rabbit, tree shrew, turtle, horse, rat, and mouse (Drager, Edwards, & Barnstable, 1984; Dreher, Robinson, & Distler, 1992; Reichenbach & Wohlrab, 1983 , 1986 Robinson & Dreher, 1990) . From these studies we know that M€ uller cells have a conserved bipolar morphology in the radial plane. Their somas reside at the center of the middle cell body layer, the inner nuclear layer (INL), from which radially oriented processes emerge to span the thickness of the neuroretina. As they traverse the retina, M€ uller glia adopt a distinct morphology at each retinal layer: (1) conically branching endfeet densely ensheathe neurons and blood vessels in the ganglion cell layer (GCL) and form the inner limiting membrane (ILM); (2) fine processes ramify in both synaptic layers, the inner and outer plexiform layers (IPL and OPL); (3) the vertical stalk divides to weave through the ONL, surrounding photoreceptor cell bodies and forming the outer limiting membrane (OLM); and (4) microvilli extend past the OLM to associate tightly with photoreceptor inner segments. The remarkable subcellular specialization of M€ uller glia across retinal layers presumably reflects the distinct functions they perform at each layer. For example, they subserve crucial structural roles at the limiting membranes, and in the plexiform layers they support synaptic function in a manner similar to brain protoplasmic astrocytes (Allen, 2014; Clarke & Barres, 2013; Rasmussen, 1972; Reichenbach & Bringmann, 2013; Reichenbach et al., 1989; Vecino et al., 2016) . Given that the IPL can be further divided into sublaminae containing various types of synapses with different functions (Sanes & Zipursky, 2010) , it is possible that M€ uller glia may also display sublaminar specializations that have previously not been appreciated.
In the tangential plane, M€ uller glia spatial patterning manifests in the retinotopic distribution of their cell bodies, the arborization of single cells, and the relationship between territories of neighboring cells.
Cell body distribution has been studied in several species. In contrast to their conserved radial morphology, the density of M€ uller glia can vary over sixfold depending on species and retinal location (Chao et al., 1997) . In rabbit, for example, M€ uller glia are most dense along the visual streak in central retina where neurons are most numerous, and their density declines threefold along the vertical meridian into the periphery (Robinson & Dreher, 1990) . This finding supports the intuitively appealing idea that the number of glia is determined by the number of neurons they support. However, whether such a rule is universal or is limited to rabbit remains unexplored.
Compared to the arrangement of M€ uller glia cell bodies, we know much less about the fine-scale pattern of M€ uller arbors in the tangential plane. One reason for this is that Golgi studies are better suited to revealing single-cell anatomy than the cell to cell interactions that build M€ uller glia networks. Further, immunohistochemistry against common glial markers, such as glutamine synthetase and glial fibrillary acidic protein (GFAP), is a poor tool for revealing fine lateral processes. Because GFAP staining only labels 15% of the volume of protoplasmic astrocytes (Bushong, Martone, Jones, & Ellisman, 2002) , there is reason to suspect that M€ uller glia morphology, particularly in the plexiform layers, has not been fully appreciated by staining for typical markers. Even with these limitations, the anatomical data to date suggest that M€ uller glia arbors form a continuous network filling each retinal layer (Reichenbach et al., 1989) , as might be expected given the crucial functions of M€ uller glia and the potential deleterious consequences of leaving parts of the retina bereft of glia. How this network forms, and how individual cells contribute to it, is unclear. Brain astrocytes exhibit a phenomenon called tiling-they fill the neuropil with exclusive, minimally overlapping arbors that create synaptic domains governed by single astrocytes (Bushong et al., 2002; Halassa, Fellin, Takano, Dong, & Haydon, 2007; Livet et al., 2007; Ogata & Kosaka, 2002) . Some types of retinal neurons also tile (Wassle, Peichl, & Boycott, 1981) , but whether M€ uller glia coordinate their territories in mammalian retina by a similar mechanism is not known.
Notably lacking from past M€ uller glia comparative anatomy studies is the mouse, an increasingly important model system for visual neurobiology (Huberman & Niell, 2011) . Two previous studies have used vimentin immunohistochemistry to label mouse M€ uller glia (Chao et al., 1997; Drager et al., 1984) , but the radial morphology of M€ uller glia has not been examined by Golgi or other cell-filling techniques, and the tangential patterning of cell bodies and arbors have not been investigated. Here we employ the molecular-genetic tools available in mouse to reveal the morphology of single M€ uller glia and the full M€ uller population, in adults and across development. We find that mouse M€ uller glia are distributed homogeneously across the retina, despite center-to-periphery differences in neuron numbers (Jeon, Strettoi, & Masland, 1998) . The arbors of neighboring M€ uller cells tile the synaptic layers, the cell body layers, and the OLM, creating a gap-free glial network that efficiently covers visual space. In the radial plane, mouse M€ uller glial morphology is similar to that of other species. However, by using membrane-targeted fluorophores to reveal fine details of M€ uller glia anatomy, we found that arbor morphology varies across IPL sublayers in a systematic manner. Finally, we document how these radial and tangential anatomical features arise in development. We show that M€ uller branching begins in the synaptic layers, and indeed in specific IPL sublayers that correspond to the layers with highest branch density in adults. Together, our results reveal new anatomical features of the M€ uller glia network, and highlight important ways in which mouse M€ uller glia are similar to or different from those of other species. Furthermore, our observations suggest that local and highly specific cell to cell interactions, both amongst M€ uller glia themselves and with particular types of neurons, coordinate to guide morphological maturation of M€ uller glia in three dimensions.
| MATERIALS A ND METHODS

| Mice
Juvenile and adult (postnatal Days 35-50) mice of both sexes were used in this study. Wildtype C57BL/6 were purchased from Jackson Laboratory (Bar Harbor, ME). GLAST-CreER and Rosa26mTmG on mixed C57BL/6 backgrounds were obtained from Jackson Laboratory (strains 012586, 007576). This study was performed with the approval of the Duke University institutional animal care and use committee (IACUC).
GLAST-CreER mice express a Cre recombinase-estrogen receptor fusion protein (CreER) under control of a glia-specific promoter. The mTmG mouse strain expresses membrane-associated green fluorescent protein (GFP) in a Cre-dependent manner. To induce CreER-mediated recombination, GLAST-CreER; mTmG mice were injected with the estrogen receptor ligand tamoxifen (TMX; Sigma-Aldrich, Natick, MA). TMX was dissolved in corn oil through sonicating at room temperature for 30 min to make a 20 mg/mL solution. Postnatal day (P) 5 mice were injected intraperitoneally with 100 lg of TMX for early M€ uller glia labeling, and P22 mice were injected with 100 mg/kg TMX either once or on three consecutive days to label mature M€ uller glia sparsely or densely, respectively.
| Antibody characterization
Antibodies against endogenous proteins were used as markers of cell types and retinal lamina, and revealed cellular morphology and lamina specificity consistent with the literature (see Table 1 ). Sox9 antibody (Millipore [Billerica, MA] AB5535, RRID: AB_2239761) labeled M€ uller glial nuclei, as previously reported (Poche, Furuta, Chaboissier, Schedl, & Behringer, 2008) . RBPMS immunolabeling was observed in RGCs, as previously reported for this antiserum (Rodriguez, de Sevilla Muller, & Brecha, 2014) . ChAT antibody (Millipore AB144P, RRID: AB_2079751) recognized cholinergic amacrine neurons and their projections to the IPL as previously reported (Haverkamp & Wassle, 2000; Voinescu, Kay, & Sanes, 2009) . Calbindin antibody (Swant [Marly, Switzerland] CB38, RRID: AB_10000340) immunolabeled three IPL sublayers, including the two cholinergic sublayers, as previously reported (Haverkamp & Wassle, 2000) . TH antibody (Millipore AB1542, RRID: AB_90755) labeled amacrine cells with large somata and projections to a single stratum of the IPL, a pattern consistent with this and other TH antibodies (Voinescu et al., 2009 (Gnanaguru et al., 2013) . Calretinin antibodies (Millipore AB5054, RRID: AB_2068506) labeled three IPL sublaminae, including the cholinergic sublayers and one layer between them, as previously reported (Haverkamp & Wassle, 2000) .
For antibodies against exogenous fluorescent proteins (i.e. anti-GFP, anti-mCherry, and anti-mKate), specificity was confirmed by lack of signal in retinas not expressing those transgenes (data not shown).
| Immunohistochemistry
Mice were deeply anesthetized with isoflurane, decapitated, eyes rapidly removed, and immersion fixed in 4% paraformaldehyde for 1.5 hr at 48C. For flat-mount experiments, retinas were then dissected free of 
| Intravitreal virus injections and Brainbow labeling
Adeno-associated virus (AAV) injection techniques were adapted from Cai, Cohen, Luo, Lichtman, and Sanes (2013) . The two Brainbow AAV9
viruses, encoding farnesylated fluorescent proteins that are targeted to the plasma membrane (UPenn Vector Core, Philadelphia, PA), were mixed to 7.5 3 1012 genome copies per mL. Adult mice (P40-P50) were anesthetized with ketamine-xylazine by intraperitoneal injection. Propraracaine hydrochloride (0.5%) ophthalmic solution (Akorn, Lake Forest, IL) was applied to the eye to provide local anesthesia. A 30 1 =2 G needle was used to make an opening and 1 ll of virus was injected with a 33 G blunt-ended needle intravitreally. Beginning a week after virus administration, 100 mg/kg TMX (prepared as above) was injected for 5 consecutive days. Tissue was collected 28 days after the last TMX injection.
The two Brainbow viruses produce stochastic Cre-dependent expression of the following fluorescent proteins: TagBFP, YFP, TFP, and mCherry (Cai et al., 2013) . To amplify the endogenous fluorescent signals, we immunostained for the four fluorescent proteins using three antibodies: (1) anti-GFP, which recognizes YFP and TFP; (2) antimKate, which recognizes TagBFP; (3) anti-mCherry. The tissue was then imaged in three channels on the confocal microscope.
| Confocal imaging
Immunostained retinas were images on Olympus (Chelmsford, MA) FV300 or Nikon (Tokyo, Japan) A1 confocal laser scanning micro- to S5 zones.
Density recovery profiles were calculated as described (Kay, Chu, & Sanes, 2012) from 60 3 images of Sox9-labeled retinal wholemounts. Simulated cell arrays were generated using a custom MATLAB (MathWorks, Natick, MA) script that places cells into a twodimensional region of user-defined size. Cell diameter and density can also be specified by the user. Cells are constrained from occupying the same location. The script is available at www.sites.duke.edu/kaylab.
| Semi-automated chromatic segmentation of Brainbow-labeled cells
Cells infected with Brainbow viruses express GFP, mKate, and mCherry immunoreactivity in stochastically determined ratios. This produces variation in color between cells that can be used to delineate cell boundaries. Because we immunostained for the four virally encoded fluorescent proteins with three primary antibodies and imaged cells in three channels, cells should exhibit six fundamental colors: red, green, blue, magenta (red 1 blue), cyan (green 1 blue) and yellow (red 1 green).
However, due to variations in infection count, transgene expression, and noise, the pixel values belonging to imaged cells occupy a range of colors around each fundamental color. We developed an algorithm to exploit this cell-to-cell variation by dividing the RGB color spectrum into user-specified ranges in order to segment pixels into cells by color.
This algorithm exhibits flexibility for manual intervention and can benefit from parallel processing for memory and speed-optimized implementation.
In order to reliably divide the color spectrum into the fundamental colors and their variations, our algorithm transforms the color model of Brainbow images from RGB to the hue-saturation-intensity (HSI) model (Gonzalez & Woods, 2008) . HSI represents color space in cylindrical coordinates, with hue the angular coordinate, saturation the radial coordinate, and intensity the axial coordinate. Using all three coordinates could conceivably best detect cell boundaries, but creates an excessively large search space because all of these parameters vary independently over all pixels. Since hue is the parameter that fundamentally represents different colors conferred by the different fluorophores, we used only the hue spectrum of the HSI color model to segment arbor territories. 
| Analysis of M€ uller glia territories with SegThresh
To analyze the overlap of M€ uller glia territories in the synaptic layers, 
| Statistical analysis
Descriptive statistics are reported mean 6 standard error. All statistical analyses were performed in JMP 12 (SAS Institute, Middleton, MA).
| R E S U L T S 3.1 | Radial morphology of individual M€ uller glia across retinal layers
We first sought to describe the cellular morphology of M€ uller glia in mouse retina. We reasoned that a membrane-targeted fluorescent protein might provide improved labeling of fine glial processes relative to immunohistochemical or cytosolic fluorescent markers used previously (Yang et al., 2011) . We therefore expressed membrane-targeted GFP 
| Precise sublaminar organization of M€ uller glia arbors within the IPL
A prominent feature of retinal organization in the radial plane is the stratification of the IPL into sublaminae that contain the projections of distinct classes of neurons (Masland, 2001; Sanes & Zipursky, 2010) .
Given that individual M€ uller glia generate specialized morphologies across retinal layers, we wondered whether they would also show specialization at the sublaminar level. Indeed, it has long been known that Figure 2A ). Quantification of fluorescence intensity across the IPL confirmed this observation, as three small peaks were found at consistent IPL levels across animals ( Figure 2E ). To ask whether these dense regions correspond to identified IPL strata, we costained for well characterized sublaminar markers. First, we compared the density of mGFP-labeled M€ uller processes to the ChAT-positive starburst amacrine cell dendrites in sublaminae S2 and S4. We found that the M€ uller glia-dense regions are located above, between, and below the ChAT layers, indicating that they lie in IPL regions commonly denoted as S1, S3, and S5 (Haverkamp and Wassle, 2000) (Figure 2A ). Therefore, we next colabeled with markers of particular neuron subtypes that project to these regions. The dopaminergic amacrine cells, labeled with anti-TH antibodies, occupy a single stratum in S1. Double staining for TH and mGFP revealed that the M€ uller glia-dense S1 region is located in this sublayer ( Figure 2B) . Similarly, the glia-dense region in S3 matches the sublayer defined by the arbors of calretinin-positive neurons ( Figure 2D ). Finally, by labeling with antibodies against PKC that mark rod bipolar cell terminals, we found that the S5 M€ uller glia-dense region overlaps with rod bipolar projections ( Figure 2C ). These results indicate that mouse M€ uller processes do show IPL sublaminar specializations-while they branch throughout the IPL, they exhibit a small but consistent preference for branching more extensively in certain IPL sublamina ( Figure 2E ). Figure 3G ). The exclusion zone (also known as the effective radius of the DRP) is measured as the radius at which cell density remains below the average density for the entire population (Kay et al., 2012; Rodieck, 1991) . This was calculated to be 3.86 6 0.18 mm for M€ uller glia (n 5 9 measurements from three mice). Because two cells cannot occupy the exact same physical location, the exclusion zone for a random array of cells approximates the cell diameter (Rodieck, 1991) . For a nonrandom mosaic, by contrast, the exclusion zone will be larger. To ask how well the size of a M€ uller cell matches the DRP exclusion zone, we took into account that M€ uller somata have complex polygonal shapes ( Figure 3H ), unlike neurons which tend to be spherical. Accordingly, we measured for each cell the maximum and minimum diameters-that is, the longest and shortest line segment traversing the cell (n 5 60 cells from three mice). We found that the M€ uller glia exclusion zone was similar in size to the minimum cell diameter (4.46 6 0.34 mm; max diameter 5 6.59 6 0.48 mm; Figure 3G ). This finding suggests that M€ uller cells do not form a mosaic, and that physical contact with a neighboring cell is the only limitation on M€ uller glia positioning.
To further test the idea that M€ uller cell arrangement is random, we asked whether a simulated random cell array could successfully model the real M€ uller glial array. We used a simple model in which circular cells matching the minimum diameter of M€ uller glia were placed at random positions, at a density matching the observed M€ uller glial density ( Figure 3D, 3E) . Qualitatively, these random simulations resembled the observed cell distribution, with regions of closely packed cells separated by larger gaps ( Figure 3H-3I ). Their DRP was also well matched to the observed DRP ( Figure 3G ), suggesting that the random model captures key aspects of the actual cell distribution. By contrast, when cell diameter was set to the M€ uller glial maximum diameter, the simulated DRP curve was less tightly aligned to the M€ uller cell DRP curve (not shown). We conclude that the position of M€ uller cells is likely to be random, with the minimum cell diameter providing the major constraint on cell positioning. At low cell density, such a patterning rule could lead to a patchy array of cells that inefficiently covers retinal territory. However, we observed that M€ uller glia density was high enough that most cells are in contact with their neighbors ( Figure   3C , 3H). While some gaps in the soma array are evident, we noticed that in many retinal regions the polygonal cell bodies often fit together in complementary patterns, leaving little space between cells ( Figure   3H ). This observation suggests, that although M€ uller glia are positioned randomly, some degree of order may be imposed on the soma array by the physical constraints of passive cell crowding.
| Tiling of M€ uller glia arbors in retinal synaptic layers
Given that M€ uller arbors form a confluent network in all retinal layers ( Figure 1D , 1E), we next set out to understand how individual glial cells collaborate to cover retinal space in the tangential plane. One possibility is that, like brain astrocytes, each M€ uller cell covers a unique territory that minimally overlaps its neighbors'-the pattern known as tiling.
Alternatively, M€ uller glia might form an overlapping network, which could take several forms. For instance, their arbors might overlap at a constant rate, or vary in density to match regional differences in neuron density (Figure 3 ) (Jeon et al., 1998) . It is even possible that multiple M€ uller glia subtypes tile amongst themselves, but overlap densely with each other. To begin distinguishing among these possibilities, we measured the territory occupied by individual M€ uller arbors in retinal whole-mounts from sparsely recombined GLAST-CreER; mTmG mice.
We focused for this analysis on the plexiform layers, where the absence of cell bodies simplifies the task of measuring a single glial cell's territory. We imaged mGFP 1 M€ uller arbors in the plexiform layers and measured each cell's distance from the ONH (Figure 4 ).
Even from qualitative observations ( Figure 4A, 4C) , it was readily apparent that M€ uller glia do not show dramatic cell-to-cell differences in arbor size or morphology, arguing against the notion of multiple M€ uller glia cell types. Nor did we find substantial differences in arbor size across the retina. While we did detect an effect of eccentricity on M€ uller glia territories in IPL and OPL, the effect size was small (one- Given that M€ uller cell density and arbor shape/size are all fairly uniform, our results suggest that arbor overlap is also likely to be relatively uniform, at least at a global level. But the single-cell analysis cannot rule out local variability in overlap rate. We therefore sought a method to directly measure overlap between adjacent cells. With single color labeling, overlap cannot be measured because of the difficulty in distinguishing where one cell ends and the next begins. Therefore, we decided to label M€ uller glia with multiple fluorescent proteins. To accomplish this, we used a Brainbow strategy for stochastic Cremediated combinatorial expression of fluorescent proteins (Cai et al., 2013; Livet et al., 2007) . A mixture of adeno-associated viruses (AAV), bearing Brainbow cassettes coding for membrane-targeted GFP, mKate2, and mCherry derivatives (Cai et al., 2013) , were injected into the eyes of adult GLAST-CreER mice. After Tamoxifen injection, a large subset of M€ uller glia expressed one or more fluorescent proteins, and individual cells could be readily discerned from their neighbors by their distinct hues ( Figure 5A-5C ). To analyze these spectrally complex images in an efficient and unbiased way, we developed an algorithm for segmenting individual cells on the basis of color ( Figure 5D , 5E). In this way, we could delineate the territories of individual M€ uller glia in Brainbow-labeled flat-mount retinas in a semiautomated manner (Figure 5F ). To test the algorithm's accuracy, we compared M€ uller glia segmented by hand to ones segmented using our software and found a high degree of concordance between the two methods (data not shown). Additionally, we found that arbor areas measured from segmented Brainbow M€ uller glia were similar to those obtained from mGFP-expressing M€ uller glia (data not shown), further confirming the accuracy of our algorithm.
Using this Brainbow strategy, we examined the spatial relationship between the territories of neighboring M€ uller cells. Qualitatively, M€ uller arbors appeared to tessellate in the synaptic layers to cover the retina completely and efficiently, consistent with the tiling hypothesis ( Figure 5B, 5F ). Unique and nonoverlapping domains also appear to exist in other layers, as is evident in cross-sectional and en face views of the ONL ( Figure 5A , 5B). We quantified M€ uller arbor coverage in the IPL and OPL using our software and found only minimal ( data, including arbor size, shape, and cell location (Wassle et al., 1981) .
Significantly less overlap was found in the real images than the flipped controls (Figure 6C -6F; OPL overlap: 4.2 6 3.0% real vs. 13.5 6 7.0% flipped, Wilcoxon signed-rank matched pair test, two-tailed p 5 .008; IPL: 3.8 6 1.5% real vs. 7.9 6 5.0% flipped, p 5 .023). This finding strongly suggests that the shapes and positions of M€ uller glia arbors are not arbitrary. Rather, they likely reflect local cell-to-cell interactions that act to minimize overlap of neighboring cells while still filling available space, as is seen in other systems where cells tile (Lefebvre, Sanes, & Kay, 2015) . Together, our observations on M€ uller cell density, arbor size, and overlap support a model whereby a single type of M€ uller cell is distributed at constant density across the retina, with individual cells contributing to the complete coverage of retinal space by occupying unique territories.
| Development of M€ uller glia arbors
Our analysis of adult mouse retina indicates that M€ uller glia fill each retinal layer, and each synaptic sublayer, with morphologically specialized arbors. We next asked how these arbors arise during development. M€ uller glia are formed, starting around P6, by the differentiation of retinal neural progenitor cells (Nelson et al., 2011) . Like M€ uller cells, these progenitors span the retina with endfeet at the limiting membranes, but they lack the extensive lateral arborizations of (Figure 7A, 7B) . However, a few cells showed one or two lateral branches in the IPL ( Figure   7C ). At P7, nearly all cells had lateral branches in the IPL, and the first cell-to-cell contacts were observed at this age. However, OPL branches did not emerge in the majority of cells until P8 ( Figure 7B ). With time, lateral processes continued to become more abundant, and ramification of fine processes gave M€ uller glia their space-filling morphology by P9 ( Figure 7A-7C ).
Over the course of this analysis we noticed that the pioneering lateral IPL branches appeared to emerge at stereotyped sublaminar locations. We therefore stained for IPL sublaminar markers in order to delineate the synaptic regions where M€ uller glia first arborize. Using calbindin immunofluorescence to define S2 and S4, we found that, at P6, the earliest branches emerge preferentially in S1 and S5 ( Figure 8A , 8E). At P7, the proportion of cells with S1 and S5 branches increases;
only a few cells have branches in S2 to S4 ( Figure 8B, 8E ). S5 branches are the most precocious; the vast majority of cells have branches in S5 by P7, but a similar proportion is not reached for S1 branches until a day later ( Figure 8E ). During this developmental period the IPL is changing rapidly, with new neuronal projections arriving to create new sublayers, and new synapses forming at a high rate (Fisher, 1979) Using membrane-targeted fluorescent proteins, we examined the morphology of M€ uller arbors at each retinal layer. Overall, the morphology of mouse M€ uller glia was similar to that of other species. However, using tools available in mouse retina we were able to observe important new details concerning the fine laminar structure of M€ uller glia arbors. In the IPL, neurons devoted to particular visual processing tasks project to specific sublaminae, where they join into circuits. There are at least 10 different sublaminae (Masland, 2001; Sanes & Zipursky, 2010) , several of which can be identified immunohistochemically based on the cell types that project there. Previous studies in other species have noted that M€ uller branch density can vary across the IPL, sometimes even in a manner that appears layer-specific (Ramon y Cajal, 1972; Robinson & Dreher, 1990) , but whether these anatomical variations indeed occur in consistent IPL locations had not been addressed.
Using lamina-specific markers we identified three IPL regions-perhaps single sublayers or perhaps multiple adjacent sublayers-that contain a higher density of M€ uller glia branches than the surrounding neuropil.
Because M€ uller branching patterns were consistent relative to these independent markers, we conclude that M€ uller cells have sublaminar- 
| Factors influencing M€ uller glia cell density
In many mammalian species, neuron density varies across the retina due to specialization of different retinal zones for distinct functions (e.g., acuity vs. low light sensitivity) (Dreher et al., 1992; Hughes, 1981; Robinson & Dreher, 1990; Rodriguez et al., 2014; Stone & Johnston, 1981) . Given the important role of M€ uller glia in metabolism, we decided to investigate whether neuron density correlates with M€ uller cell density. The topography of RGCs in mouse reflects that of other retinal neuron classes (Jeon et al., 1998) , so we used RGC measurements as a proxy for overall neuron density. The RGC density curves we obtained are consistent with prior reports in mouse (Drager & Olsen, 1981; Galindo-Romero et al., 2011; Rodriguez et al., 2014 ) and rat (Nadal-Nicolas et al., 2009; Salinas-Navarro et al., 2009) . We found that, whereas RGC density decreases with eccentricity, M€ uller glia are spread evenly across the mouse retina with a mean density of 15,890 cells/mm 2 (Figure 3 ). This figure is in close agreement with the estimate of 16,000 cells/mm 2 reported by and Chao et al. (1997) , and within an order of magnitude to the 12,000 cells/mm 2 first reported (Drager et al., 1984) . This produces local variation in the ratio of M€ uller glia to
RGCs within the mouse retina, from 2.6:1 centrally to 5.3:1 peripherally. These findings strongly suggest that M€ uller density is not in fact sensitive to neuron density, but is instead determined by an independent mechanism.
Our results in mouse are in line with M€ uller density data from rabbit, rat, and guinea pig-in these species, glial density does vary with retinal eccentricity but the range of densities is about sevenfold less for M€ uller glia than for RGCs (Dreher et al., 1992; Reichenbach & Wohlrab, 1986; Robinson & Dreher, 1990) . In mouse we find an even larger difference between M€ uller glia and RGCs, with no decrease in M€ uller density even in the far periphery and no relationship between the distributions of the two cell populations. Interestingly, Chao et al. (1997) found a wide range of neuron:M€ uller ratios across phylogeny, further undermining the notion that neuron density might be a simple determinant of glial density. While the precise mechanisms that regulate M€ uller cell density are yet to be determined, it is likely that factors intrinsic to progenitor cells, such as transcription factors and epigenetic regulators, play a crucial role in controlling how many neurons and glia are generated (Bassett & Wallace, 2012) . the number and precise cell-type composition of retinal neurons might vary substantially across the retina. Second, the tiling pattern suggests that uniform arbor density is a salient feature of the M€ uller glia network. Other than the need to avoid gaps that entirely lack glial coverage, it is not clear what aspects of neural function might require uniform arbor coverage. Finally, the observation that mouse brain astrocytes tile (Bushong et al., 2002) has led to the hypothesis that the set of synapses defined by an astrocyte's domain, or synaptic island, might be a functional processing unit, with astrocytes uniquely able to integrate and modulate activity therein (Halassa et al., 2007) . The degree of redundancy in glial coverage may be regulated in a speciesdependent manner, however; in visual cortex, the territories of mouse astrocytes are nonoverlapping while those in ferret overlap substantially (Lopez-Hidalgo, Hoover, & Schummers, 2016 rise to them, but the cellular dynamics of their maturation remain largely unknown. We find here that mouse M€ uller glia make their first lateral branches in the IPL and OPL at P6-P7. This is quite early in their maturation process, given that M€ uller glia undergo their terminal mitosis between postnatal Days 1 (P1) and 5 (Young, 1985) , and only begin to display mature gene expression and immunohistochemical profiles around P6 (Hojo et al., 2000; Nelson et al., 2011) . Over the next several days, the number and length of branches increases steadily until space-filling is achieved by P9. The period of M€ uller glia arbor differentiation coincides with a brief epoch of bone morphogenetic protein signaling, which might be part of the molecular mechanism that controls arbor formation (Ueki et al., 2015) . P6-P9 is also a time of intense synaptogenesis (Blanks, Adinolfi, & Lolley, 1974; Fisher, 1979) . The timing of M€ uller glia differentiation in the synaptic layers may therefore be related to synapse maturation, as is true for brain astrocytes (Clarke & Barres, 2013) . If there is such a relationship, it will be interesting to learn whether M€ uller glia arbors sprout in response to the formation of synapses, whether synapses form in response to signals from newly differentiated M€ uller glia, or from some combination of both mechanisms.
We observed that M€ uller glia IPL branches first appear in stereotyped sublaminar locations. Pioneering branches initially colonize S1
and S5, and these substrata maintain an increased density of M€ uller glia processes into adulthood (Figures 2 and 8 ). Why branches emerge in these locations remains unclear. It may be that these sublayers have more synapses, or different types of synapses. Alternatively, developing sublamina are marked by unique sets of cell surface and extracellular matrix molecules (Baier, 2013; Lefebvre et al., 2015; Sanes & Zipursky, 2010) , which may play a molecular role in controlling M€ uller glia branch initiation, stability, or pruning. Unraveling the molecular basis of M€ uller glia arbor development, and their interactions with neurons during this process, will be an important future direction.
As P9 is the time when M€ uller glia begin extensively interacting with their neighbors, this is presumably the beginning of the developmental process that gives rise to tiling. In many cases, the process that produces tiling is homotypic repulsion, a mechanism whereby arbors of neighboring cells arrest each other's growth upon contact (Lefebvre et al., 2015) . There is precedent for homotypic repulsion sculpting the morphology of glia: photoablation of zebrafish M€ uller glia or mouse Schwann cells leads to expansion of neighboring cells into the vacated territory (Williams et al., 2010; Brill, Lichtman, Thompson, Zuo, & Misgeld, 2011) . However, these experiments cannot exclude release of an attractive cue by dying cells. Laser damage could also induce reactive gliosis, which in some circumstances can cause astrocytes to invade each other's territories (Oberheim et al., 2008) . Whether homotypic repulsion is indeed involved in mammalian M€ uller glia development and what molecules guide establishment of M€ uller glia territories will be an area for further study.
| C O NC LU S I O N S
Our study provides the first thorough description of the spatial organization of M€ uller glia in mouse retina. We propose a model in which total and efficient glial coverage is achieved in development by (1) generating a uniform high density of M€ uller cells at all retinal positions; (2) the tiling of M€ uller glia arbors through homotypic repulsion; and (3) bidirectional neuroglial interactions that influence M€ uller arbor branching across IPL sublamina. While mechanistic aspects of this model remain to be tested, the anatomy we report here is consistent with it.
We expect that our results will provide an important baseline morphological foundation for future explorations of neuron-glia interactions in the retina.
